Introduction
============

Angiogenesis is a process to form new blood vessels, which is tightly regulated by a balance between positive and negative factors \[[@b1]\]. Physiologically, angiogenesis does not occur except during developmental and repair processes. Pathological angio-genesis in the eye is the most common cause of blindness in all age groups. For example, retinopathy of prematurity (ROP) is for children, diabetic retinopathy for young adults and age-related macular degeneration for elderly \[[@b2]\]. ROP is a major cause of blindness which affects premature infants \[[@b3]\]. Despite of outstanding advances in surgical treatment, ROP remains as the most serious problem of vision loss in children even in developed countries. In ROP, retinal neovascularization is followed by the vessel loss leading to retinal hypoxia. New vessels, fragile and leaky, are formed at the junction between the vascularized and the avascular zone of the retina. Over time, these proliferative vessels induce a fibrous scar extending from the retina to the vitreous gel, which result in a retinal detachment and likely blindness \[[@b4]\]. Therefore, the amelioration of pathological angiogenesis in ROP is targeted for either blocking the vessel loss in order to control hypoxic condition or directly inhibiting vessel proliferation \[[@b5]\]. Oxygen-induced ischaemic retinopathy (OIR) in the mouse is a highly reproducible animal model of ROP \[[@b6]\].

Rotenoids of flavonoid family have chemo-preventive activity to inhibit NADH:ubiquinone oxidoreductase activity and to suppress mRNA expression and enzymatic activity of 12-*O*-tetrade-canoylphorbol 13-acetateinduced ornithine decarboxylase (ODC), which catalyses the decarboxylation of ornithine to yield putrescine, which is converted to the higher polyamines. This activity of ODC and the polyamines are crucial for cellular proliferation \[[@b7], [@b8]\]. The rotenoid, deguelin, is isolated from several plant species, including *Mundulea sericea* (*Leguminosae*) \[[@b9]\]. Deguelin has also shown potential as a chemopreventive agent against breast, colon, skin and non-small cell lung cancers \[[@b7]--[@b15]\]. We have demonstrated that deguelin, a natural product isolated from plants in the Mundulea sericea family, inhibits cyclooxygenase-2 expression and phosphatidylinositol 3-kinase (PI3K)/Akt-mediated signalling pathways which contribute to its anti-proliferative effects \[[@b10]--[@b13]\]. However, we also found out that deguelin reduces the expression of Hsp90-binding proteins, including hypoxia inducible factor (HIF)-1α protein and induced the degradation of HIF-1α protein independently on reactive oxygen species and PI3K-Akt pathways \[[@b14]\]. Recently, we proposed deguelin as a novel anti-angiogenic anticancer agent to decrease the expression of HIF-1α protein and its target angiogenic cytokine in vascular endothelial cells under hypoxic conditions \[[@b15]\]. Moreover, deguelin inhibited *de novo* synthesis of HIF-1α protein and reduced the half-life of the synthesized protein \[[@b15]\].

In the present study, we demonstrated deguelin significantly reduces retinal neovascularization in OIR. The anti-angiogenic activity of deguelin was related to the reduction of HIF-1α and vascular endothelial growth factor (VEGF) expression without change in transcriptional activity of HIF-1α. Up to 1 μm deguelin, 10 times of effective therapeutic concentration of it, deguelin never affected the viability of human retinal endothelial cells (HRECs). Moreover, it also showed no significant toxicity in the physiological retinal vascular formation and in the developing retina. In addition to the anti-proliferative activity of deguelin to cancer cells \[[@b10]--[@b14]\], we herein suggest that deguelin, a new angiogenesis inhibitor, may have a therapeutic potential in the treatment of retinal neovascularization of ROP as well as in other vasoproliferative retiniopathies such as diabetic retinopathy.

Materials and methods
=====================

Animals
-------

C57BL/6 mice were purchased from Samtako (Korea). Care, use, and treatment of all animals in this study were in strict agreement with the ARVO statement for the Use of Animals in Ophthalmic and Vision Research.

Cell culture
------------

HRECs were purchased from Applied Cell Biology Research Institute (ACBRI, USA) and cultured in M199 (Gibco BRL, Invitrogen, Carlsbad, CA, USA) supplemented with 20% FBS (Gibco BRL, Invitrogen, Carlsbad, CA, USA), 3 ng/ml basic fibroblast growth factor (bFGF) (Upstate Biotechnology, Charlottesville, VA, USA), 10 U/ml heparin, and antibiotics. HRECs were cultured in plates coated with 0.3% gelatin. Human embryonic kidney, HEK 293, cells were maintained in Dulbecco\'s modified Eagle\'s medium supplemented with 10%. For hypoxic condition, cells were incubated at 5% CO~2~ level with 1% O~2~ balanced with N2 in hypoxic chamber.

Oxygen-induced retinopathy
--------------------------

OIR was induced as described by Smith et al. \[[@b6]\] with some modifications \[[@b16]\]. Briefly, newborn mice were randomly assigned to experimental and control groups. At postnatal day (P)7, Pups (8--10 pups) in the experimental group were exposed to hyperoxia (75±0.5% O2) for 5 days (P7--P12) and then returned to normoxia (room air) for 6 days. Neovascularization occurs upon return to normoxia and peaks at P17. To assess the anti-angiogenic activity of deguelin, the pups were injected intravitreously with 0.1 μM deguelin in 1 μl PBS into one eye and only 1 μl PBS into the other eye on P14, when retinal neovascularization began.

Qualitative assessment of retinal neovascularization by fluorescein angiography
-------------------------------------------------------------------------------

At P17, deeply anaesthetized mice were perfused through the tail vein with high molecular weight (MW = 500,000) fluorescein conjugated dextran (Sigma-Aldrich Ltd., St. Louis, MO, USA) dissolved in PBS. After 1 hr perfusion, the eyes were enucleated and fixed in 4% paraformaldehyde for 4 hrs. The retinas were dissected, flat-mounted in Dako mounting medium (DakoCytomation, Glostrup, Denmark), and viewed by fluorescein microscopy (BX50, OLYMPUS, Japan) at a magnification of 4x. There were at least six animals in each group.

Quantitative assessment of retinal neovascularization by counting vascular lumens
---------------------------------------------------------------------------------

At P17, the eyes were removed, fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 hr, and embedded in paraffin. Sagittal sections of 5 μm, each 30 μm apart, were cut through the cornea parallel to the optic nerve. The sections were stained with haematoxylin and eosin to assess retinal vasculature *via* light microscopy (Carl Zeiss, Chester, VA, USA). Any vascular lumens on the vitreal side of the inner limiting membrane were counted in at least 10 sections from each eye by two independent observers blind to treatment (Kim JH and Shin JY). The neovascular lumens were defined as the mean number per section found in at least 10 sections (at least five on each side of the optic nerve) per eye. The average intravitreal vessels/section was calculated for each group. There were at least six animals in each group.

Luciferase assay
----------------

Luciferase assay using pSV40pro-EpoHRE-Luc vector was performed as described in our previous experiments \[[@b17]\]. The luciferase reporter plas-mid used in these experiments consists in the original VEGF promoter coupled to the luciferase gene reporter. HEK 293 cells in 12-well plates (2 × 10^5^ cells/well) were transiently transfected by the calcium phosphate method. HEK cells were cotransfected with 1 μg of pSV40promoter-EpoHRE-Luc reporter plasmid and 1 μg of the pSV-β-galactosidase plasmid and then allowed to recover for 24 hrs after transfection. Cells were harvested and extracts were prepared with reporter lysis buffer (Promega, Madison, WI, USA). Cell extracts were assayed for luciferase activity with the luciferase assay kit (Promega, Madison, WI, USA) and a luminometer (Turner Designs, Sunnyvale, CA, USA). Extracts were also assayed for galactosidase activity with the β-galactosidase enzyme assay system (Promega) and assayed for protein concentration with the protein assay kit. Each extract was assayed three times, and the mean relative light unit (RLU) was corrected by values obtained from an extract prepared from non-transfected cells. The relative luciferase activity was calculated as RLU/β-galactosidase.

Western blot analysis
---------------------

Western blotting was performed using standard western blotting methods and visualized by the development with LAS-3000 (Fujifilm, Tokyo, Japan). The protein concentration was measured using a BCA protein assay kit (Pierce, Rockford, IL, USA). Immunoblotting was performed with primary antibodies against HIF-1α (BD Bioscience, Franklin lakes, NJ, USA) and VEGF (Santa-Cruz Biotechnology, Santa-Cruz, CA, USA). To ensure the equal loading of protein in each lane, the blots were stripped and re-probed with an antibody against β-tubulin.

Cell viability assay
--------------------

Cell viability was evaluated with the 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) assay. HRECs (1 × 10^5^ cells) were plated in 96-well plates and cultured overnight. Cells were treated with deguelin (0∼10 μM) for 48 hrs. The medium was then replaced with fresh medium containing 0.5 mg/ml MTT for 4 hrs. After incubation, the medium was carefully removed from the plate and Dimethyl Sulfoxide (DMSO) was added to solubilize formazan produced from MTT by the viable cells. Absorbance was measured at 540 nm using a microplate reader (Molecular Devices, Sunnyvale, CA, USA).

Immunohistochemistry
--------------------

To evaluate the effect of deguelin on physiologic retinal angiogenesis in development, the immunohistochemistry for von-Willebrand factor (vWF), a endothelial cell marker, was performed in the retina on P8 and P16 with or without intravitreal injection of deguelin. The enucleated mouse eyes used for imunohistochemistry were immersion fixed in 4% formalin and subsequently embedded in paraffin. 4 μm-thick serial sections were prepared from paraffin blocks. Sections were deparaffinized and hydrated by sequential immersion in xylene and graded alcohol solutions, and then treated with proteinase K for 5 min. at 37°C and then treated with normal serum obtained from the same species in which the secondary antibody was developed for 10 min. to block non-specific staining. Slides were incubated overnight at 4°C with rabbit polyclonal antibody against vWF (1:100, Chemicon, Billerica, MA, USA). FITC-conjugated IgG (1:400) was used as a secondary antibody. The slides were mounted and observed under fluorescence microscope (BX50, OLYMPUS, Japan).

TUNEL assay
-----------

Deguelin or PBS was intravitreously injected to P5 C57BL/6J mice. The mice were sacrificed at P8 and P16 after 0.1 μM deguelin injection, and enucleated. Enucleated globes were fixed in 4% paraformaldehyde in 0.1 M phosphate buffer for 24 hrs, and embedded in paraffin. TUNEL staining was performed with a kit (ApopTag; Intergen, Purchase, NY, USA), according to the manufacturer\'s instructions. TUNEL-positive cells were evaluated in randomly selected fields at a ×400 magnification via light microscope (Carl Zeiss, Chester, VA, USA). There were at least six animals in each group.

Statistical analysis
--------------------

Statistical differences between groups were evaluated with the Student unpaired t-test (two-tailed). Mean ± SD is shown. *P*≤ 0.05 was considered significant.

Results
=======

Effect of deguelin in retinal neovascularization in OIR
-------------------------------------------------------

We determined whether deguelin could reduce retinal neovascularization in oxygen-induced retinopathy. In the mouse OIR model, P7 newborn mice are kept in hyperoxia (75% oxygen) for 5 days. Excessive oxygen results in promoting the obliteration of existing vessels and blocking the development of retinal vasculature. After 5 days of hyperoxia, with back to room air, the undervascularized retina promotes the production of pro-angiogenic factors which drive the growth of abnormal new blood vessels \[[@b6], [@b18], [@b19]\]. Based on our previous data \[[@b14], [@b15]\], we injected deguelin (0.1 μm/1μl) intravitreously on P14 when active neovascularization occurs \[[@b18], [@b19]\].

To visualize intravitreous neovascularization in OIR, fluorescein angiography using fluorescein-conjugated dextran was performed. P17 deguelin-treated and control mice subjected to OIR showed that peripapillary, central retinal capillaries dropped out, whereas the large, radial retinal vessels extending to the periphery persisted. Retinas from P17 control mice contained many neovascular tufts of intravitreous neovascularization at the junction between the vascualrized and non-vascularized retina. (Fig.[1A](#fig01){ref-type="fig"}) In contrast, retinas from P17 deguelin-treated mice showed significantly reduced neovascularization. (Fig.[1B](#fig01){ref-type="fig"})

![Qualitative assessment of retinal neovascularization by fluorescein angiography. Retinal vasculature in control and deguelin-treated mice during OIR was evaluated by fluorescein angiography using high molecular weight (MW = 500,000) fluorescein-conjugated dextran. Wholemount retinal preparation from P17 control (A) and 0.1 μM deguelin-treated (B) mice subjected to oxygen-induced ischaemic retinopathy (OIR) was performed after 1 hr perfusion of fluorescein-conjugated dextran, respectively. Arrows indicate neovascular tufts of intravitreous neovascularization. These experiments were repeated over three times with similar results.](jcmm0012-2407-f1){#fig01}

To quantify the intravitrous neovascularization, vascular lumens between posterior surface of lens and anterior surface of the inner limiting membrane were counted in a masked fashion. Retinas from P17 control mice demonstrated multiple neovascular lumens, (Fig.[2A](#fig02){ref-type="fig"}) whereas retinas from P17 deguelin-treated mice demonstrated significantly fewer neovascular lumens. (Fig.[2B](#fig02){ref-type="fig"}) We found that deguelin-injected groups (19 ± 3.4) had significant decrease of intravitreous neovascularization compared to controls (4 ± 2.1) (*P* \< 0.05). (Fig.[2C](#fig02){ref-type="fig"})

![Quantitative assessment of retinal neovascularization by counting vascular lumens. Haematoxylin-stained crosssections prepared from P17 control (A) and 0.1 μM deguelin-treated (B) mice subjected to OIR, respectively. Arrows show the vascular lumens of new vessels growing into the vitreous. (C) Data in each column are the mean ± SD values from at least six eyes. Note that there is a statistically significant difference of retinal neovascularization between control and deguelin-treated mice (\**P* \< 0.05). These experiments were repeated over three times with similar results. Scale bars: 200 μm (A, B).](jcmm0012-2407-f2){#fig02}

Effects of deguelin on HIF-1α transcriptional activity and the expression of HIF-1α and VEGF
--------------------------------------------------------------------------------------------

HIF-1α plays a crucial role in the regulation of angiogenic factors, including VEGF. To investigate whether deguelin is involved in HIF-1α transcriptional activity, we used a luciferase reporter system, pSV40promoter-EpoHRE-Luc reporter. The reporter activity was in 7.5-fold increase under hypoxic conditions compared to normoxia. Interestingly, deguelin never affected the transcriptional activity of HIF-1α up to 1 μm, though HIF-1α transcriptional activity in hypoxia was reduced with treatment of 10 μm deguelin (*P* \< 0.05). (Fig.[3A](#fig03){ref-type="fig"}) As our previous report \[[@b15]\], 0.1 μm deguelin reduced HIF-1α expression under hypoxic condition, which led to the decrease of VEGF expression (*P* \< 0.05). (Fig.[3B](#fig03){ref-type="fig"})

![Effects of deguelin on HIF-1α transcriptional activity and the expression of HIF-1α and VEGF. (A) HEK 293 cells were cotransfected with 1 μg of pSV40promoter-EpoHRE-Luc reporter plasmid and 1 μg of the pSV-β-galac-tosidase plasmid and then allowed to recover for 24 hrs after transfection. With treatment of deguelin (0∼10 μM), transfected cells were incubated for 16 hrs before exposing them to hypoxia or maintaining them in normoxia and assayed for luciferase and β-galactosidase activities. The relative luciferase activity refers to the ratio of RLU/β-galactosidase measured in hypoxia-treated cells compared to normoxic cells. (B) HEK 293 cells were incubated for 16 hrs before exposing them to hypoxia or maintaining them in normoxia and assayed for the expression of HIF-1α and vascular endothelial growth factor (VEGF). Quantitative analysis was performed by measuring protein expression relative to the control. Each value represents the mean (±SD) of three independent experiments, each performed in triplicate (\**P* \< 0.05).](jcmm0012-2407-f3){#fig03}

Effect of deguelin on the viability of HRECs
--------------------------------------------

To investigate cytotoxic effect of deguelin on HRECs, MTT assay was carried out in various concentrations of deguelin (0∼10 μm). The viability of HRECs treated with deguelin was not affected up to 1 μm. (Fig.[4](#fig04){ref-type="fig"}) 0.1 μm deguelin, effective therapeutic concentration to inhibit VEGF expression in our previous report \[[@b14], [@b15]\], did not affect the viability of HRECs.

![Effect of deguelin on the viability of Human retinal endothelial cells (HRECs). Various concentrations of deguelin (0∼10 μM) were treated on HRECs and cells were incubated for 2∼3 days. Cell viability was measured by MTT assay. Each value represents means ± SE from three independent experiments (\**P* \< 0.05).](jcmm0012-2407-f4){#fig04}

Effect of deguelin on physiological retinal angiogenesis in development
-----------------------------------------------------------------------

After intravitreal injection of 1 μM deguelin, 10 times of effective therapeutic concentration of deguelin, physiologic retinal angiogenesis was evaluated through immunohistochemistry for vWF. In the mouse retinal vasculature development, the primary vascular network spreads approximately halfway across the inner surface of the retina by P4 and reaches the periphery approximately 1 week (P7) after birth. After the vascular network has spread across the entire retina, arteries and veins strictly alternate and, at approximately P7, start to sprout downward, into the inner plexiform layer, where they establish a second vascular network parallel to the first by P14 \[[@b20]\].

As demonstrated in [Figure 5A](#fig05){ref-type="fig"}, physiologic retinal angiogenesis on P8 and P16 was not affected by deguelin treatment. In addition, retina with intravitreal injection of deguelin was of normal thickness and all retinal layers were clear without any inflammatory cells in the vitreous, retina or choroid. In control groups, few TUNEL-positive cells were detected in the outer nuclear layer. Compared to control, TUNEL positive cells on P8 and P16 were not increased with deguelin injection. ([Figure 5B](#fig05){ref-type="fig"})

![Effect of deguelin on physiological retinal angiogenesis in development. After intravitreal injection of 1 μM deguelin, 10 times of effective therapeutic concentration of deguelin on P4, (A) physiological retinal angiogenesis on P8 and P16 was not affected by deguelin treatment, and (B) TUNEL positive cells on P8 and P16 were not increased with deguelin injection and rarely detected in the field. Figures were selected as representative data from three independent experiments. GCL, ganglion cell layer; INL, inner nuclear layer; ONL, outer nuclear layer. Scale bars: 50 μm (B).](jcmm0012-2407-f5){#fig05}

Discussion
==========

Deguelin, is isolated from several plant species, including *Mundulea sericea* (*Leguminosae*). \[[@b9]\] We have demonstrated that deguelin has anti-proliferative activity to cancer cells via regulation of cyclooxygenase-2 expression and phosphatidylinositol 3-kinase (PI3K)/Akt-mediated signalling pathways \[[@b10]--[@b13]\]. Recently, we also found out that deguelin reduces VEGF expression through the destabilization of HIF-1α protein. Interestingly, this anti-angiogenic activity of deguelin was independent on reactive oxygen species and PI3K-Akt pathways \[[@b14], [@b15]\].

In the present study, deguelin did not affect the transcriptional activity of HIF-1α, but reduced the expression of HIF-1α and VEGF in hypoxic condition. However, deguelin induced no reduction or retardation in normal retinal development. VEGF is essential in the physiological and pathological retinal angiogenesis. During physiological retinal angiogenesis, the increased oxygen demand of the developing neural retina generates the physiological hypoxia that induces vessel growth \[[@b21]\]. In response to the hypoxia, VEGF stimulates blood vessel growth. Pathological angiogenesis in ROP basically occurs under the hypoxic condition of the vessel loss. In these physiological and pathological angiogenesis, HIF-1α plays as a master regulator in the conformational change of vessel in response to oxygen concentration \[[@b17]\]. HIF-1α occupies a crucial role in hypoxia-signalling pathway. However, HIF-1α-induced VEGF alone might not be sufficient for retinal angiogenesis.

Insulin-like growth factor 1 (IGF-1) partly regulates retinal angiogenesis through the control of p42/44MAPK-induced VEGF activation \[[@b22]\]. At least, retinal vessel growth in normal development requires both IGF-1 and VEGF \[[@b22]\]. In terms of the difference between effects of deguelin in retinal vascular development and OIR, it may be one reason. Because deguelin is derived from rotenone \[[@b8]\], it is possible that deguelin induces side effect in cardiovascular, respiratory, and nervous system. In addition, we have never observed major toxicity in the mice at the therapeutically effective dose \[[@b13], [@b14]\], which results from the different mechanism of deguelin from that of other rotenone to inhibit tubulin polymerization. In this study, deguelin showed no affection to cell viability of HUVECs and no retinal toxicity up to 1 μM which is equivalent to 10 times of effective dose (0.1 μM) to OIR. It means that deguelin may reduce retinal neovascularization by inhibition of endothelial cell proliferation *via* reduction of HIF-1α and VEGF expression, not by reduction of viability of endothelial cells.

In the present study, we presented the inhibitory effect of deguelin on retinal neovascularization of OIR. Deguelin reduced the incidence of clinically significant vascular leakage in OIR. It was consistent with histologic findings of significantly less number of retinal neovascularization in deguelin-treated group. Based on these results, it is possible that deguelin may attenuate retinal neovascularization in OIR through a direct anti-angiogenic effect without cytotoxic effect in a therapeutic range.

In summary, deguelin effectively suppressed endothelial cell proliferation without cytotoxic effect under therapeutic concentration range of 0.01--1 μM. Anti-angiogenic effect of deguelin is directly related to down-regulation of HIF-1α expression. Interestingly, deguelin significantly reduced retinal neovascularization in a mouse model of ROP with no reduction or retardation in normal retinal development and no retinal toxicity. Herein, we provided deguelin as a new anti-angiogenic agent to retinal neovascularization. Furthermore, deguelin may also apply to other vasoproliferative retiniopathies including diabetic retinopathy.
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